Salinity is one of the most relevant parameters in oceanography used to study properties of the oceans as well as the effects of climate change. Salinity measurements are challenging, due to the harsh environment that leads to corrosion and biofouling. In the context of animal monitors, salinity sensors should also be minimally intrusive and have a long lifetime. Here, a conductivity cell for salinity sensing is presented based on a single-step laser irradiation process on flexible polyimide substrate. The sensors are characterized by lightweight, flexibility, low power consumption and low fabrication costs. A two-electrode cell is used to measure the impedance, and thereby the conductivity, of the water in the MHz frequency range. It offers an accuracy of ±0.5 psu, which is not affected by sensor deformation.
Human induced rapid environmental changes have negatively impacted marine environment, water quality and marine biodiversity.
[1, 2, 3] Shifts in oceanic physico-chemical properties induce drastic effects on marine communities worldwide. In this context, large and interdisciplinary efforts are currently directed toward the development of sensors capable of monitoring fundamental ocean properties. Salinity is a pivotal variable in the regulation of global circulation, impacting water column stability, ion concentration and speciation, air-sea exchange of gasses and functional properties of organisms. [4] Traditionally, salinity is manually determined by collecting samples and forwarding them to land-based laboratories for chemical composition analysis, which is time-and labor-consuming [5] . The development of in situ biologging systems has allowed recording the conductivity, temperature, and depth (CTD) of the water from free-ranging animals as they swim through their environment [6] , [7] .
These devices are usually bulky, mechanically not flexible, fabricated using expensive multilayer screening or traditional micromachining /MEMS techniques and most importantly, not addressing the effect of biofouling [8] , [9] Indeed, the chemical composition of seawater, along with its biota, introduces two main challenges in salinity measurements, as seawater is (i) corrosive and (ii) rich in microorganisms that grow on solid surfaces and compromise sensor functioning [10] . Therefore, measurements conducted with existing solutions are not reliable on a long-term scale, since the attachment of microorganisms on the electrodes causes a drift of conductance towards lower values. Although work in literature highlights that the attachment of organisms to the electrodes' surface could affect the measurement, none has addressed this issue. In addition, an increased interest in sensors on flexible substrates that can be attached to the curved surfaces of marine animals or follow their deformation, and which are small in size, lightweight and minimally intrusive cannot be met with the existing CTD devices.
The "rise of graphene" in 2006 prompted the development of numerous graphene-based sensors, because of its outstanding mechanical, electrical and thermal properties. [11, 12] Recently, Lin et el. studied CO2 laser irradiation of polyimide (PI), and thoroughly characterized the carbonization process of PI [13] . They proved that that laser technology can be used to fabricate patterned conductive porous carbon networks with high content of graphene sheets; thereby, they named the material laser-induced graphene (LIG). The cheap single-step fabrication of LIG on a flexible substrate has already been exploited for strain and electrochemical sensors [14] [15] [16] . The corrosion resistance of graphene has also been shown [19] and it was used as electrode in saline solutions [17] [18] [19] . In addition, LIG has been associated with voltage dependent, antimicrobial action, [20] making it a suitable candidate for marine applications. Consequently, LIG has recently been utilized for capacitive salinity sensing, realized by a two-step fabrication process, where graphene was first thermally-induced on a PI film and then transferred to a thicker substrate by applying manual pressure to the electrodes. [21] . Here, we report a flexible conductivity cell made by a single LIG fabrication step. Moreover, we propose a two-electrode, high frequency impedance measurement for biofouling independent salinity sensing systems.
Ions present in a saline solution are responsible for the electrical conduction; therefore, the conductivity is directly correlated to the concentration of salt. Typically, a current, I, is driven through the solution and the potential drop, V, is measured to obtain the conductance by
Such measurement is carried out by immersing two-electrodes in the saline solution, thereby forming a conductivity cell. Randles equivalent circuit (Figure 1a ) is commonly used to design an electrical model of the conductivity cell, taking into consideration the main parasitic components, i.e. (i) the formation of an electrical double layer on the electrode-solution interface, (ii) charge transfer phenomena caused by red-ox processes, and (iii) diffusion of ions close to the interface. The measured conductance is then multiplied by the cell constant K, a parameter related to the geometry of the cell, thereby obtaining the conductivity (k), which is the intrinsic property of the solution and does not depend on cell geometry. The cell constant in a two pole probe is given by distance between the electrodes , surface area in contact with the solution K 
whereas for planar electrodes and complex geometries the cell constant must be calculated through software simulation, as reported by Hyldgård, et.al [8] . Since the conductance measured depends on the surface area, it is evident that biofouling can affect such measurement method. Indeed, after examining the performance of commonly used fourelectrode conductivity cells (see Figure S1 in supplementary materials) and deployment of them in the Red sea for 3 weeks, we found that bioufouling has induced a shift in the conductance towards lower values (see Figure S2 in supplementary materials). This is because the area exposed to seawater decreased by biofouling, leading to an increase of the cell constant and decrease in conductance. Electrochemical impedance spectroscopy (EIS) is largely used for biosensors, such that a change in the conductance of the growth medium provides information about microbial metabolism. Sergi Brosel-Oliu et al. studied how a solution with microorganisms can affect EIS curve and how Randles equivalent circuit modifies accordingly. [22] They reported that the attachment of bacteria on electrodes' surfaces increases the charge-transfer resistance and adds a capacitor in series or in parallel to the double-layer capacitor, depending on the amounts of bacteria attached. However, media conductance effects are predominant at high frequency. [23, 24] We exploit this concept with a two-electrode cell to obtain biofouling independent salinity measurements for extended periods of time in harsh seawater environment. Specifically, we are measuring the conductance of the solution, while avoiding the influence of foulants' recruitment on the surface of the electrodes by a high frequency impedance measurement, which is therefore expected to solve long-term reliability issues.
Two-electrodes were directly patterned on PI film using a CO2 infrared laser in ambient respectively, that are in accordance with previous studies and entail the presence of graphene sheets in the porous structure. [16] The G peak is related to the vibration of sp 2 carbon atoms in the hexagonal plane, and its intensity is lower in mono-layer graphene. [25] The D peak is activated by defects and correspond to intravalley double resonance processes. [26] The 2D
peak is the main one in monolayer graphene and it decreases and broadens as the number of layers increases. [27] For the sake of coherence with previous works, we use the practical salinity unit (psu) to express salinity of seawater. The chosen six solutions (10, 18, 26, 34, 42 and 50 psu) allowed characterizing the sensor in a range of salinities that are typical for most of the water masses of the planet, both sea and oceans. Figure 3b ). This confirms that the impedance at high frequencies is related to the medium's conductance, whereas capacitive, diffusive, and charge transfer effects are negligible. The hypothesis is supported by simulating Randles equivalent circuit using LTSpice, wherein we substituted the Warburg impedance with a capacitor Cz (Figure 3c ). Using the component values of Table S1 , a good agreement with the experimental curve is obtained, as shown in Figure 3 The temperature dependence of nine sensors ( Figure S5a ) was examined according to the procedure described in the experimental section. As shown in Figure S5b , the average values of the conductance increase linearly with temperature with a coefficient of determination (R 2 )
of 0.9269. Temperature affects the salinity measurements, as the mobility of the ions increases with temperature. [28] A common way to evaluate the accuracy of the sensor is by fitting the experimental result to the theoretical curve based on the UNESCO technical papers in marine science [29] . The fitting requires to calculate the conductivity, which is obtained by multiplying the measured conductance by the cell constant. A cell constant of K = 5.2 cm -1 provides a good fit, and was used to obtain the result shown in Figure 5 . The measurement results follow the theoretical curve with an accuracy of 0.5 psu.
In order to conduct a biofouling study and investigate biofoulants' recruitment on LIG and their effect on the performance of the sensor, the sensors were deployed in a 0.125 m 3 aquarium filled with sea water from the Red Sea for up to 3 weeks. The samples were attached to the side walls of the aquarium facing living seawater marine animals (giant clams
Tridacna gigas), such that microorganisms were allowed to settle on top of the sensors. This provided an extreme test of corrosion and biofouling, because of the hypersaline nature of Red sea water (salinity > 39) and the rapid recruitment and growth of biofouling organisms. [30] This period of time was needed for the fouling process to be substantial, since biofouling is constituted by three main phases: (i) conditioning film, (ii) microfouling and (iii) macrofouling.
[31] Figure 6 shows the measurement results of three two-electrode LIG salinity sensors before deployment and after 1-3 weeks in the seawater (Individual device performances is reported in Figure S6 ) Using ImageJ software [32] , the area of the graphene surface covered by biofoulants was found to be ~13 %, ~24 % and ~37 % after 1, 2 and 3 weeks respectively.
The amount of biofouling after one, two and three weeks was also observed using fluorescent stereomicroscope as shown Figure S7 . Nevertheless, the impedance values measured at 1
MHz before and after exposure to seawater are very similar and clearly enable discerning different salinities, without being affected by the biofouling. This confirms the assumption that the biofouling layer attached to the LIG electrodes acts as an additional capacitor, which has a negligible contribution to the impedance at high frequencies. The total capacitor (Ct), shown in Figure 3c , is associated with a parallel configuration of the double layer (Cdl) and the biofouling capacitor (Cbf). Some differences between the values before and after deployment are attributed to the connection with the tweezers used to carry out the measurement with the impedance analyzer, which affects the calibration and contact resistance. However, the response does not show an overall shift of the values, thereby confirming that high frequency impedance spectroscopy allows achieving long-lasting and reliable salinity sensing systems.
In summary, the sensor shown in this manuscript, consisting of laser-induced graphene electrodes on polyimide, is flexible, cheap, lightweight and operates under various bending conditions. Moreover, the single-step fabrication method by laser writing is a key feature, which enables prototyping and mass fabrication. Benefiting from the versatility of the laser writing technology, the size of the sensor can be easily tailored and further reduced to allow integration of the sensor on CTD devices for small-sized marine animals. For long-term measurements, a biofouling study revealed that LIG does not prevent biofoulants' attachment to the surface in a real seawater environment, which strongly affects the measurement results in commonly used low frequency setups. In order to overcome this issue, we investigated high frequency impedance measurements with a two-electrodes conductivity cell. We found that this measurement is not affected by the biofouling and reliably measures salinity even after 3 weeks of deployment in the waters of the Red Sea.
Experimental Section:
Materials: 125 µm thick PI films (Kapton # IM301449, DuPont, Delaware, USA) and CO2 infrared laser (Universal Laser Systems® PLS6.75 10.6 µm, laser peak power 75 W) were utilized to fabricate electrodes. The main parameters of the laser beam were 2 W power, 1.6 cm/s speed, 1000 pulses per inch and 3 mm working distance. The parameters were optimized for good adhesion of the carbon structure to the substrate.
Characterization: Confocal Raman measurements were carried out on Horiba Aramis using a laser of 473 nm in room temperature. Cross sections of the sensors were observed by SEM using Quanta 600FEG Systems.
Sample preparation: After the fabrication of the electrodes, the sensor was attached to a 2 mm thick polymethylmethacrylate (PMMA) sheet with instant adhesive glue (406, Henkel Loctite, UK) to provide a stable support. Then single-sided copper foil tape (1/4 inch x 21.8 yards, Kraftex Inc., UK) was manually applied on LIG contact pads and electrically conductive silver epoxy (EMS #12642-14, Electron Microscopy Sciences, USA) was used to stabilize the contacts. Kapton tape and instant glue were used to define the area of the electrodes that were immersed in solution and to protect the pads from the contact with saline water (Figure S4 ). Measurement of temperature dependence: Nine sensors were prepared using the same laser parameters to investigate the temperature dependence of the measured conductance. The sensors were immersed in a 34 psu solution over night at 4°C. Then, the temperature was slowly increased until it reached room temperature and the impedance was measured every 2°. The temperature was monitored using a Digital Temperature Controller (HY-8000S, HANYOUNG CO.,LTD).
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